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BLOOD GLUCOSE HOMEOSTASIS is essential during prolonged periods of endurance exercise, when large changes occur in tissue oxygen delivery and use, metabolic rate, carbohydrate (CHO) oxidation, blood glucose disposal, and hepatic plus renal glucose production. However, compared with the extensive literature on cardiovascular regulation during exercise, the regulation of glucose production for the maintenance of glycemia during exercise in fasted humans has been minimally studied.
Following an overnight fast, gluconeogenesis (GNG) provides 25-50% of total glucose production in resting humans (4, 12, 13, 31, 52) , while the remainder is supported by hepatic glycogenolysis (GLY). This relative partitioning of glucose rate of appearance (R a ) relies more on GNG as the fast progresses and hepatic glycogen stores become depleted (1, 49, 54) . Staehr et al. (47) studied glucose metabolism in resting humans after fasting for 40 h, and GNG accounted for nearly 90% of total glucose production. During submaximal exercise, energy demand requires muscle glucose utilization and, consequently, increases blood glucose disposal (9) . Therefore, a consistent glucose delivery into the circulation becomes paramount for preventing hypoglycemia. In contrast to rest, the relative contribution of GNG to total glucose production has been shown to decrease during hard exercise (52) ; for instance, %GNG decreases at power outputs (PO) approaching the lactate threshold (LT). Because hepatic glycogen reserves are partially depleted during the course of an overnight fast (40) , the combination of limited hepatic GLY and attenuated GNG has been shown to result in falling blood glucose levels in postabsorptive men after 75-90 min of hard [65% maximum O 2 consumption (V O 2 )] exercise (52) .
Because lactate is the primary precursor for GNG in the liver and to a lesser extent the renal cortex (2, 16, 37) , we hypothesized that increasing lactate availability would increase the rate of GNG, and possibly also the glucose R a in postabsorptive men during exercise near the LT. For the purpose of testing these hypotheses, we utilized stable isotope tracers and a cross-sectional design to study the maintenance of glycemia in overnight-fasted untrained (UT) and trained (T) men at rest and during 60 min of constant-load exercise at or just below the PO eliciting the LT. This workload was selected as the target exercise intensity because the LT is widely used in exercise science and sports medicine as a measure of athletic prowess, and, as well, because exercise at the LT results in an elevated lactate (gluconeogenic precursor) supply. Additionally, beyond conducting studies at and just below the LT, to evaluate the effect of precursor concentration on GNG and total glucose production, we also incorporated a lactate clamp (LC) component in the experimental design.
METHODS
This paper is part of a larger investigation of lactate and glucose metabolism during exercise at the LT. Some of the data are to be reported elsewhere (Messonnier LA, Emhoff CW, Horning MA, Fattor JA, Carlson TJ, and Brooks GA, unpublished observations), but for the convenience of the readers, methods are repeated here.
Subjects. Twelve healthy male subjects (6 UT and 6 trained), aged 19 -33 yr, were recruited from the University of California Berkeley campus and the surrounding community by posted notices, word of mouth, and e-mail. The UT subjects were recreationally active and considered untrained if their peak oxygen consumption (V O2peak) was Ͻ50 ml·kg Ϫ1 ·min Ϫ1 . Trained subjects were members of competitive cycling or triathlon teams, currently in the race phase of their training season, and considered well-trained if they had a V O2peak of Ͼ55 ml·kg Ϫ1 ·min Ϫ1 . Subjects were included in the study if they had a body mass index of Ն18 and Ͻ26 kg/m 2 , were nonsmokers, were diet and weight stable, had a 1-s forced expiratory volume of Ͼ70% of vital capacity, and were injury/disease free, as determined by physical examination by a physician. This study was approved by the University of California Berkeley Committee for the Protection of Human Subjects (CPHS 2010-4-1300) and conformed to the standards set by the Declaration of Helsinki. All subjects gave written, informed consent before participation in the study.
Preliminary testing. Exercise tests were performed on an electronically braked leg cycle ergometer (Monark Ergometric 839E, Vansbro, Sweden) and were conducted at least 1 wk apart. Following interviews and screening, subjects performed two graded exercise tests to determine V O2peak and LT. To determine V O2peak, as per American College of Sports Medicine guidelines (7th Ed.), exercise PO started at 75 or 120 W and was increased by 25 or 30 W for the UT and trained subjects, respectively, every 3 min until volitional fatigue. Expired respiratory gases were continuously monitored throughout the test via an open-circuit automated indirect calorimetry system (ParvoMedics TrueOne Metabolic System, Salt Lake City, UT) that was calibrated using room air and a certified calibration gas. Finger pricks drawing 10 l of blood were conducted at the end of each stage to measure lactate concentration ([lactate]) via portable lactate analyzers (Nova Lactate Plus, Waltham, MA) and to approximate the PO eliciting the LT.
To determine LT, a second graded exercise test started at 50 W below the approximated LT PO and increased by 10 W every 3 min until volitional exhaustion. At the end of every stage, 1 ml of blood was drawn from an arterialized hand vein for enzymatic analysis of blood [lactate] , which increased linearly with exercise work rate until a certain PO. After this point, a rapid acceleration in blood lactate accumulation occurred. The LT was considered to be the last stage of the slow linear increase in [lactate] before the rapid acceleration in lactate accumulation. This definition of the LT is termed by some as the second lactate turn point (27) and approximates the maximal lactate steady state (6) . For both graded exercise tests, heart rate was monitored continuously using a heart rate monitor (Polar, Gay Mills, WI) and electrocardiography (Quinton 759 ECG, Seattle, WA); rating of perceived exertion (RPE) was recorded according to the Borg scale (7); and blood pressure was measured at the middle of every stage by manual auscultation.
Following graded exercise tests, subjects performed 60 min of continuous exercise at the PO corresponding to their LT to ensure stabilization of blood [lactate] over the entire duration of the exercise test. Every 10 min, finger pricks drawing 10 l of blood were conducted to measure [lactate] , and heart rate and RPE were monitored.
Experimental design. The study design consisted of four conditions using stable isotope tracers: one condition within the UT group, and three conditions within the trained group. UT subjects completed one isotope infusion trial, consisting of a 90-min rest period followed by 60 min of continuous cycling at the LT. Trained subjects completed three isotope infusion trials, each consisting of a 90-min rest period, followed by 60 min of continuous leg ergometer cycling under one of the following conditions: 1) PO eliciting the LT; 2) PO 10% below that eliciting the LT (LT-10%); and 3) PO 10% below that eliciting the LT, but with blood [lactate] raised to the LT level via exogenous lactate infusion, i.e., clamp (LT-10%ϩLC). The order of the last two conditions was randomized, and all exercise trials were conducted at least 1 wk apart.
To evaluate the effects of training on metabolic responses, we compared UT and trained groups exercising at the same [ Dietary controls. Three-day diet records were collected before the study to record subjects' caloric intake and macronutrient composition (DietAnalysis Plus, version 6.1 ESHA Research, Salem, OR). Standardized diets (ϳ50% CHO, 30% fat, 20% protein) consisting of an average of 2,400 and 3,200 kcal for the UT and trained subjects, respectively, were given the day before each exercise trial, including an evening snack as the last meal. Subjects came to the laboratory overnight fasted, and exercise commenced 12 h after the evening snack was consumed.
Isotope tracer protocol. Subjects reported to the laboratory on the morning of each tracer trial, and expired respiratory gases were sampled for a measurement of background 13 CO2 enrichment. A catheter was placed into a warmed hand vein for "arterialized" blood sampling, and a background sample was collected. After a second catheter was placed in the antecubital vein of the contralateral arm for infusion of stable isotope tracer solutions, subjects received a primed continuous infusion of [6,6- 2 H2]glucose (i.e., D2-glucose) and [3- 13 C]lactate (Sigma-Aldrich, St. Louis, MO) while resting semisupine for 90 min. Isotopes were diluted in 0.9% sterile saline and were tested for pyrogenicity and sterility (School of Pharmacy, University of California, San Francisco, CA) and passed through a 0.2-m Millipore filter (Nalgene, Rochester, NY) before infusion. Priming boluses were the same across trials and contained 250 mg D2-glucose, 57.5 mg [3- 13 C]lactate, and 136 mg [ 13 C]bicarbonate (Isotec, SigmaAldrich). Tracers D2-glucose and [3-13 C]lactate were then continuously infused for the 90-min rest period via a pump (Baxter Travenol 6300) at 2.0 mg/min for glucose and 2.5 mg/min for lactate in all trials, with the exception of the LT-10%ϩLC trial that had a resting infusion rate of 7.5 mg/min for lactate. The LT-10%ϩLC trial also included infusion of a lactic acid-sodium hydroxide mixture (see LC procedure) to begin raising blood [lactate] during the rest period to the level seen in exercise at the PO eliciting the LT. At the start of all exercise trials, tracer infusion rates were increased to 8 mg/min for glucose and 11.25 mg/min for lactate for the UT subjects and 10 mg/min for glucose and 15 mg/min for lactate for the trained subjects and continued for 60 min of exercise. These infusion rates were selected based on prior experience to maintain stable isotopic enrichments (IE) during rest and exercise.
LC procedure. In the LT-10%ϩLC trial, a LC procedure was performed, as previously described (39) . An unlabeled "cold lactate" cocktail was prepared by mixing a 30% lactic acid solution (SigmaAldrich) in 2 N sodium hydroxide to a pH of 4.8 and subsequently tested for pyrogenicity and sterility at the University of California San Francisco School of Pharmacy in the same manner as the isotope solutions. During the rest period, cold lactate infusion began at 2.6 mg·kg Ϫ1 ·min Ϫ1 to raise blood [lactate] to the one obtained individually during the LT trial. Infusion rates were increased or decreased during rest and exercise to maintain the target concentration, as determined by a portable lactate analyzer.
Blood and respiratory gas sampling. Arterialized blood was drawn from a warmed hand vein for metabolite, IE, and hormonal analyses at 0 (background), 60, 75, and 90 min of rest and 10, 20, 30, 40, 50, and 60 min of exercise. Hematocrit was also measured at each time point using a circular microcapillary tube reader (no. 2201, International Equipment, Needham Heights, MA). Blood for glucose and [lactate] and IE determinations was immediately deproteinized with 8% perchloric acid, shaken, and placed on ice. Blood for glycerol and nonesterified fatty acid concentration was collected in EDTA tubes, blood for hormones was collected with aprotinin, and blood for catecholamines was collected with glutathione/EGTA. Samples were centrifuged at 3,000 g for 18 min, and the supernatant was transferred to storage tubes and frozen at Ϫ80°C until analysis.
Respiratory gases were analyzed continuously via indirect calorimetry for 5 min before, and coincident with, blood sampling. These measurements were used for calculation of V O2, carbon dioxide production, respiratory exchange ratio, and minute ventilation. Duplicate samples of expired air were collected in 10-ml evacuated containers for 13 CO2 IE determinations. Careful attention was placed on flushing the line and sampling expired CO 2 at the same time as blood was drawn for glucose and lactate IE. Heart rate, blood pressure, and RPE measurements were also recorded at the same frequency as blood and breath sampling.
Hormone analyses. Catecholamines were extracted from the plasma using acid-washed WA-4 Alumina (Sigma-Aldrich, St. Louis, MO) and 1.5 Tris buffer containing 2% EGTA at a pH of 8.6. Perchloric acid (0.1 M) was used to elute the catecholamines. Finally, 100 l of this eluent were injected in the HPLC system (Electrochemistry Separations Analysis, ESA, model LC/EC, 5200A; Coulochem, Chelmsford, MA). The mobile phase was Cataphase 2 (ESA, Cambridge, MA), and the electrodes were set at ϩ350, ϩ50, and Ϫ350 mV. Standard catecholamine solutions were purchased from ESA. Chromatographs were analyzed using an ESA 501 Data Chromatography System. Insulin and glucagon were measured with commercially available radioimmunoassay kits (Coat-A-Count, DPC, Los Angeles, CA).
Metabolite concentration and IE analyses. Known amounts of uniformly labeled internal standards [U-
13 C]glucose, and [U- 13 C]lactate were added to the supernatant samples collected in 8% perchloric acid. Samples were then neutralized with 2 N KOH and transferred to ion exchange columns that were previously washed with double deionized water (ddH 2O) through a cation resin (Analytical Grade 50W-X8, 50 -100 mesh H ϩ resin, Bio-Rad Laboratories, Hercules, CA) and with ddH 2O followed by 2 N formic acid through an anion resin (Analytical Grade 1-X8, 100 -200 mesh formate resin). Glucose was eluted first with ddH 2O, followed by elution of lactate through the anion column with 2 N formic acid. Subsequent lactate analyses and kinetics data are reported separately (Messonnier LA, et al., unpublished observations).
The glucose effluent was lyophilized and derivatized as previously described (39) . Briefly, glucose IE was determined by gas chromatography/mass spectrometry (GC model 6890 series and MS model 5973N, Agilent Technologies) of the penta-acetate derivative, where methane was used for selected ion monitoring of mass-to-charge ratios 331 (nonlabeled glucose), 332 (Mϩ1 isotopomer, [1- 13 C]glucose), 333 (Mϩ2 isotopomer, D2-glucose), and 337 (Mϩ6 isotopomer, [U- 13 C]glucose internal standard). Whole blood glucose concentration ([glucose]) was determined by abundance ratios of 331/ 337. Selected ion abundances were compared against external standard curves for calculation of concentration and IE. Breath samples were analyzed by use of isotope ratio mass spectrometry by Metabolic Solutions (Nashua, NH).
Calculations. All calculations for concentrations and flux rates used the last 30 min of rest (60, 75, and 90 min) and the last 20 min of steady-rate exercise (40, 50 , and 60 min). Glucose turnover [Ra and rate of disposal (Rd)] and metabolic clearance rate (MCR) were calculated using the non-steady-state equations of Steele modified for use with stable isotopes (56):
where Ra and Rd are measured in mg·kg Ϫ1 ·min Ϫ1 ; MCR is measured in ml·kg Ϫ1 ·min Ϫ1 ; F is the isotope infusion rate in mg·kg Ϫ1 ·min Ϫ1 ; V is the volume of distribution (180 ml/kg); C1 and C2 are concentrations at sampling times t1 and t2, respectively; and IE1 and IE2 are the excess IE at sampling times t1 and t2, respectively. The percentage of glucose Ra from lactate-derived GNG (%GNG) was calculated as previously described (28) in our laboratory. This approach was derived from that of Zilversmit et al. (58):
where glucose Mϩ1 IE is the IE of the Mϩ1 glucose isotopomer, and H is the Hetenyi factor to correct for loss of label in the tricarboxylic acid cycle during GNG (1.45 at rest and 1.0 during exercise). The absolute rate of GNG in mg·kg Ϫ1 ·min Ϫ1 was calculated as previously described (28):
The absolute rate of hepatic GLY was calculated as the difference between total glucose production and GNG:
Statistical analyses. Significance of differences in subject characteristics between UT and trained groups were analyzed using an unpaired Student's t-test. Differences in metabolic parameters between the UT and the three trained conditions within rest and exercise were analyzed using a one-way analysis of variance. Analyses within the trained conditions were done with repeated measures. Post hoc analyses were made using Fisher's least significant difference multiple-comparisons test. Differences from rest to exercise were analyzed using a paired Student's t-test. Statistical significance was set at ␣ ϭ 0.05, and values are represented as means Ϯ SE, unless otherwise noted.
RESULTS

Subject characteristics.
Anthropometric data and work capacities of subjects are reported in Table 1 . Compared with UT subjects, trained subjects had a 33% greater V O 2peak (P Ͻ 0.05), a 44% greater peak PO (P Ͻ 0.05), and a 47% greater total daily energy intake (P Ͻ 0.05). Subjects were weight stable throughout the study, as measured on each day of an exercise trial. Additionally, total energy and macronutrient composition of the subjects' diets did not change throughout the study (ϳ52% CHO, 30% fat, 18% protein).
Work and cardiovascular parameters. Exercise trial workloads, exogenous lactate infusion rates, and cardiorespiratory and hemodynamic parameters are reported in Table 2 . During exercise, trained subjects reached their LT at an 11% greater V O 2peak (P Ͻ 0.05) and a 62% greater absolute PO (P Ͻ 0.05). V O 2 , carbon dioxide production, minute ventilation, heart rate, and hematocrit were increased in all conditions from rest to exercise. A significant increase in mean arterial pressure was observed in the UT group only.
Lactate clamp. Exogenous lactate infusion began during the rest period to raise blood [lactate] to ϳ4.3 mmol/l, which was significantly higher than all other resting conditions (Table 3) . During exercise, blood [lactate] was significantly elevated in the LT-10%ϩLC condition compared with its corresponding control (LT-10%) (4.3 Ϯ 0.3 vs. 2.5 Ϯ 0.5 mmol/l, P Ͻ 0.05), and it was not different from that during exercise in the LT condition (4.3 Ϯ 0.2 mmol/l). Average lactate infusion rates were 3.91 Ϯ 0.26 and 3.16 Ϯ 0.95 mg·kg Ϫ1 ·min Ϫ1 for rest and exercise, respectively (Table 2) . Exogenous lactate infusion caused mild hemodilution during rest and exercise, but no significant differences were observed in gas exchange variables, ventilation, heart rate, or RPE due to the LC, with the exception of a decreased respiratory exchange ratio.
Metabolite and hormone concentrations. Blood [glucose] during rest and exercise are shown in Fig. 1 . Resting blood [glucose] was elevated in UT subjects (5.4 Ϯ 0.1 mmol/l) compared with trained subjects, particularly during the LT (4.9 Ϯ 0.2 mmol/l, P Ͻ 0.05) and LT-10%ϩLC (4.9 Ϯ 0.1 mmol/l, P Ͻ 0.05) trials. During exercise at LT, blood [glucose] was significantly lower in the UT subjects (5.1 Ϯ 0.2 vs. 5.9 Ϯ 0.4 mmol/l, P Ͻ 0.05). In the trained subjects, blood [glucose] was not different between LT-10% and LT-10%ϩ LC (Fig. 1) , while an increase in glucagon was observed with the LC (71 Ϯ 11 vs. 46 Ϯ 8 pg/ml, P Ͻ 0.05). Mean concentrations for lactate, free fatty acids, glycerol, and hormones during rest and exercise are reported in Table 3 . Blood [lactate] significantly increased from rest to exercise, except in the LT-10%ϩLC condition, where [lactate] was clamped. Plasma free fatty acid, glycerol, and catecholamines increased from rest to exercise. The LC procedure suppressed catecholamines and increased glucagon concentration. Insulin decreased during exercise, but was not different between the four trials.
Glucose kinetics. Arterial enrichments of the glucose Mϩ2 isotopomer (i.e., the D 2 -glucose tracer) are presented over time in Fig. 2A . Glucose R a and R d , calculated from the Mϩ2 isotopomer, were similar during rest across all conditions and proportional to relative workload during exercise, with the exception of the LT-10%ϩLC condition in trained subjects. Glucose turnover (R a and R d ) was augmented by LC during exercise at 67% V O 2peak (Fig. 3, A and B) , although this increase did not achieve significance. MCR was also increased during exercise in the LT-10%ϩLC condition (Fig. 3C ) compared with its corresponding control (LT-10%). Rates of glucose turnover were higher in the UT compared with the trained subjects at rest, indicating greater reliance on blood glucose. This elevation in resting glucose turnover achieved significance compared with the LT-10%ϩLC condition.
Hepatic GNG and GLY. Arterial enrichments of the glucose Mϩ1 isotopomer from incorporation of 13 C from the lactate tracer were stable over time throughout rest and exercise (Fig.  2B ), but varied due to exercise intensity and lactate tracer infusion rate between subjects. At rest, absolute rates of GNG were 50% higher, although insignificant, in the UT subjects compared with the trained subjects (Fig. 4A) . From rest to exercise at LT, GNG rose approximately threefold for both UT and trained subjects. From rest to exercise at LT-10%, GNG more than doubled, but then increased nearly sevenfold from rest to exercise in the LT-10%ϩLC condition. 
Values are means Ϯ SE; n ϭ 6 for untrained and trained groups. FEV1, forced expiratory volume in 1 s; FVC, forced vital capacity; V O2peak, peak oxygen consumption. *Significantly different from untrained group (P Ͻ 0.05). Values are means Ϯ SE; n ϭ 6 for untrained and trained groups. LT, lactate threshold; LT-10%, 10% below the LT workload; LT-10%ϩLC, 10% below the LT workload with a lactate clamp; V O2, oxygen consumption; V CO2, carbon dioxide production; RER, respiratory exchange ratio; V E, minute ventilation; fH, heart rate; MAP, mean arterial pressure; RPE, rating of perceived exertion. §Significantly different from rest within condition (P Ͻ 0.05). * Significantly different from untrained (P Ͻ 0.05). ‡Significantly different from trained LT (P Ͻ 0.05). †Significantly different from trained LT-10% (P Ͻ 0.05).
Absolute rates of hepatic GLY (Fig. 4B) , determined as the difference between total glucose production (R a ) and GNG, were similar across conditions at rest. During exercise, GLY increased by approximately threefold in all conditions.
Relative partitioning of total glucose production into hepatic GNG and GLY (Fig. 4C) showed that ϳ40% of glucose production came from GNG during rest in both UT and trained groups. During exercise, this percentage dropped to ϳ25% in the trained subjects exercising at LT and LT-10%. However, these percentages of glucose R a from GNG were not statistically different from those in the UT subjects, showing that trained individuals achieved higher exercise workloads without a significant decrease in GNG. The contribution of GNG during exercise persisted at 40% in the UT subjects and increased to nearly 60% during the LT-10%ϩLC condition of the trained subjects, with hepatic GLY accounting for the remainder. This increase in GNG as a percentage of total glucose production was significant compared with the LT and LT-10% trials in the trained group (P Ͻ 0.05).
DISCUSSION
We examined the individual and combined effects of endurance training, relative exercise intensity, PO, and blood [lactate] on glucose kinetics and hepatic GNG and GLY during exercise at, and just below, the LT. Our main findings were that trained subjects achieved a significantly higher exercise workload at the LT without experiencing a significant reduction in Values are means Ϯ SE; n ϭ 6 for untrained and trained groups. FFA, free fatty acids. §Significantly different from rest within condition (P Ͻ 0.05). *Significantly different from untrained (P Ͻ 0.05). ‡Significantly different from trained LT (P Ͻ 0.05). †Significantly different from trained LT-10% (P Ͻ 0.05). GNG compared with their UT counterparts who exercised at a 40% lower PO. Additionally, when [lactate] were matched at the same relative exercise intensity using a LC, a greater gluconeogenic capacity was revealed in the trained compared with UT subjects. During the LC trial, GNG exceeded GLY in glucose production partitioning, becoming the major contributor (Ͼ50%) of glucose production. In other words, providing additional precursor lactate increases GNG during exercise.
During fasting or prolonged exercise, GNG plays a crucial role in the maintenance of blood glucose homeostasis. Rates of GNG increase with duration of fast, as shown by studies utilizing dideuterated water and mass isotopomer distribution analysis techniques (12, 23, 31, 52 ). In our present study, subjects were overnight fasted and likely had reduced capacity for hepatic glucose production from GLY. Thus the higher rates of GNG observed, as well as higher relative contribution of GNG to glucose R a during rest and exercise, were consistent with results of other studies employing a 12-to 14-h fast (12, 33) .
Effects of exercise intensity. Rates of GNG depend in part on precursor supply, determined by hepatic blood flow and precursor concentration. Because hepatic blood flow decreases in direct proportion to relative exercise intensity (1, 42) , limitations in precursor delivery to gluconeogenic organs may explain results obtained in this and previous studies conducted on subjects exercising at intensities Ͼ50% of maximum V O 2 , in which rates of GNG decrease as workload increases (33) . Accordingly, it is reasonable to conclude that differences in GNG observed in the trained subjects between the LT and LT-10%ϩLC conditions may be partially explained by the reduced hepatic blood flow at the higher exercise PO. However, given the same hepatic blood flow, which can be assumed for the two exercise conditions at LT-10% (i.e., with and without exogenous lactate infusion), increasing precursor [lactate] increased GNG. Between the LT and LT-10% conditions, opposing factors of higher hepatic blood flow and lower [lactate] at the LT-10% intensity may have canceled out and did not significantly alter rates of GNG.
Effects of precursor [lactate] . Exogenous lactate infusion during the 90 min of rest before exercise during the LT-10%ϩLC condition likely resulted in hepatic glycogen synthesis as a fate of lactate disposal. However, this possibility requires further analysis of lactate flux and oxidation rates to be verified. Despite the presumption that subjects were equipped with greater hepatic glycogen stores for exercise during the LT-10%ϩLC condition, GNG rates were still significantly higher compared with its corresponding PO-matched control (LT-10%). Accordingly, it is reasonable to conclude that increased GNG during the LT-10%ϩLC trial was due to the increased blood lactate availability.
Previous studies have reported that exogenous lactate infusion decreased glucose oxidation in humans during rest and moderate-intensity exercise at 55% V O 2peak (38) and increased glucose R a and R d with no change in oxidation during exercise at 65% V O 2peak (39) . In the present study, glucose disposal, but not oxidation, was quantified. However, based on results of previous determinations on men before and after training (19) , either resting (25% glucose R d via oxidation) or exercising at 65% V O 2peak (80% glucose R d via oxidation), current results can be interpreted to mean that glucose disposal via oxidation was decreased at rest and increased by lactate infusion during exercise at 67% V O 2peak .
Consistent with results of previous studies (18), we found a reduction in catecholamine concentration during exercise with the LC. This finding is supported by evidence that high [lactate] may be sensed as a sufficiency in fuel supply by the ventromedial hypothalamus (8) , suppressing the counterregulatory release of catecholamines, but not glucagon (35) . Indeed, lactate infusion failed to affect pancreatic fuel sensing during hypoglycemic and euglycemic clamps in healthy men (44) . As such, in our present study, we observed an increase in glucagon during exercise at LT-10%ϩLC compared with the LT-10% trial. Alterations in catecholamines and glucagon may affect glucose metabolism by exerting changes in GNG and GLY. Specifically, epinephrine and norepinephrine have been shown to stimulate hepatic GLY directly (15, 46) , whereas the augmenting effects of catecholamines on GNG are through increased GLY in muscle and lipolysis in adipose tissue to release major gluconeogenic precursors, such as lactate, glycerol and alanine (14, 43) . Others have also observed an association between plasma glucagon level and GNG (32, 50) , and that the role of catecholamines in the stimulation of hepatic glucose production during exercise is probably secondary to the effects of glucagon (11, 26, 30) . Therefore, our observations of a suppressed sympathetic response coupled with higher glucagon concentrations in the LT-10%ϩLC trial may further explain the increase in GNG and reciprocal decrease in GLY during exogenous lactate infusion.
Effects of endurance training. The effect of endurance training on GNG in humans is not well understood, as previous studies have observed decreased, similar, or increased levels of GNG after training (4, 19, 33) . Friedlander et al. (19) estimated GNG from three-carbon precursors by determining glucose recycling rate in healthy men before and after 10 wk of endurance training. Rates of GNG were lower after training, as measured for a given exercise intensity as well as [lactate] . MacRae et al. (33) reported no change in absolute rates of GNG after 9 wk of endurance training for a given metabolic rate during a progressive exercise test to exhaustion. Specifically, GNG from lactate decreased after training, while increased oxidation of lactate was simultaneously observed. Conversely, Bergman et al. (4) demonstrated that 9 wk of endurance training resulted in an increase in GNG at given absolute and relative exercise intensities (65% of pre-and posttraining V O 2peak ). These training effects on GNG were apparent in both absolute GNG rates and relative contributions to total glucose production. Subjects in this latter study were 5-h postprandial, in contrast to the former studies where subjects were 3-h postprandial in the study by Friedlander et al., and 12-h overnight-fasted in the study by MacRae et al. Furthermore, the controls in dietary composition may have varied subtly across studies. Therefore, apparent discrepancies in the effects of endurance training on GNG are judged to be due to factors such as dietary status affecting the independent dynamics of GNG and GLY as they support total glucose production.
Our methodology of controlling dietary status in determining lactate-derived glucose production begs the question of whether CHO-restricted individuals would exhibit gluconeogenic responses different from those observed in this investigation. To our knowledge, neither lactate nor GNG flux rates have been measured in individuals subjected to high-fat diets; such experiments remain to be done. Our calculations of GNG rates were based on measuring incorporation of carbon-3 from infused [3- 13 C]lactate into the blood glucose pool. This method of determining GNG would also include contributions of metabolites in equilibrium with lactate, such as pyruvate (via lactate dehydrogenase) and alanine (via alanine aminotransferase). However, the contributions of other gluconeogenic precursors, such as glycerol, would not be included. Hence, in these experiments, we provide minimal estimates of GNG. It is reasonable to assume that fat-adapted individuals would be equally or more dependent on GNG to maintain glycemia than in those adapted to a high-CHO diet. Compared with those who are CHO fed, fat-adapted individuals exhibit higher plasma glycerol concentration during prolonged exercise (10) . In such a case, increased precursor supply via glycerol might be expected to augment GNG. However, we (51) and others (29) have shown that glycerol is a poor gluconeogenic precursor, suggesting that fat-adapted individuals with low circulating lactate levels would experience compromised capacity for GNG during exercise, unless adaptation to a high-fat diet increases the capacity of GNG from glycerol. Issues surrounding mechanisms of maintaining glycemia in highly trained individuals adapted to a high-fat diet and the role of glycerol warrant further investigation.
Results of the present investigation showed no significant effect of training on partitioning of glucose production at rest, and, furthermore, rates of GNG and GLY were not different in resting subjects across conditions following an overnight fast. However, during exercise at LT, trained subjects cycled at a substantially higher relative exercise intensity (75 vs. 67% V O 2peak ) and absolute PO (259 vs. 161 W) without a significant reduction in GNG compared with the UT subjects. Still, while not statistically different, the average relative contribution of GNG in glucose production was ϳ40% lower in trained compared with UT subjects, while hepatic GLY was ϳ25% greater during exercise at LT. By way of explanation, we note that trained subjects have larger stores of liver glycogen (21) , which can be a determinant of hepatic GLY, particularly in states of low glycogen content (22, 45, 55) . However, compared with the LT-10% trial, trained subjects exhibited higher rates of GNG during exercise in the LT-10%ϩLC trial, despite following a 90-min rest period of exogenous lactate infusion, which presumably preloaded hepatic glycogen reserves before exercise. Comparing the trained subjects in the LT-10%ϩLC trial to the UT subjects exercising at LT, both groups were cycling at the same relative exercise intensity (67% V O 2peak ) and [lactate] (ϳ4 mmol/l), thereby characterizing the individual effects of training. We observed higher rates of GNG, although statistically nonsignificant, in the trained subjects, suggesting that endurance training may increase gluconeogenic capacity during prolonged exercise following an overnight fast.
In terms of energy substrate partitioning, endurance training causes a small, but significant, shift in substrate utilization away from CHO and toward fatty acids (9) . As well, training reduces blood glucose disposal for a given absolute PO after training (3, 19, 39, 41, 53, 57) . In the present study, when UT and trained subjects exercised at a relative intensity of 67% V O 2peak (UT at LT and trained at LT-10%), we found no significant differences in glucose R a , R d , or MCR between groups. Glucose turnover in the trained subjects exercising at LT was also not different from the other conditions, but blood [lactate] was significantly decreased during exercise in the LT-10% trial. This finding is consistent with studies reporting that lactate clearance is increased via oxidation at both given absolute POs and relative exercise intensities after training (5,  17, 33, 34, 48) . Therefore, endurance trained individuals have increased capacities to use lactate as both an oxidative energy source and a gluconeogenic precursor. When the LC raised blood [lactate] to match the LT trial, GNG in the trained subjects increased, again showing that providing additional precursor lactate increases GNG during exercise.
Training-induced adaptations in hepatic glucose metabolism are also affected by an attenuated neuroendocrine response during exercise at a given absolute PO (36, 41) . In the present study, at a matched relative exercise intensity of 67% V O 2peak , we found that the alterations in hormone milieu (i.e., higher insulin, and significantly lower glucagon and epinephrine) persisted in trained compared with UT subjects (Table 3) . Still, UT subjects were not able to regulate blood glucose as well during exercise and, therefore, experienced a greater counterregulatory response, as seen with higher glucagon concentrations, even if matched for relative exercise intensity.
Limitations. Lactate enters the GNG pathway via pyruvate, where tracer enrichment may be reduced when dilution occurs with oxaloacetate from the tricarboxylic acid cycle. Accordingly, we used a correction (Hetenyi, H) factor of 1.45 during rest to account for this reduction in signal (24) . Corrections for isotopic dilution may vary according to species, nutritional state, and training state differences (25) , yet we assumed the same relative proportion of tracer dilution in both UT and trained groups. For exercise, we did not apply a correction factor (i.e., H ϭ 1.0) to the data, because hepatic glucose metabolism through oxaloacetate is predominantly anabolic.
While lactate is widely recognized to be the major gluconeogenic precursor, the rates of GNG we calculated for healthy men may have been underestimated because we did not include contributions from glycerol, and amino acids other than alanine (2). In turn, hepatic GLY may have been overestimated. However, possible underestimation of GNG rates for lack of consideration of the roles of other precursors may have been minimized in the LT-10%ϩLC condition in which a surfeit of lactate limited the contributions of other gluconeogenic precursors because of the presence of autoregulatory control (29, 50, 51) . Furthermore, our findings may have been different in fat-adapted individuals, who have been shown to exhibit altered patterns in substrate utilization during exercise compared with individuals who consume a larger portion of CHO (10) .
Throughout the paper, we describe glucose production as appearing from the liver, although changes may have occurred in the kidneys as well. Because our measurements reflect whole body metabolism, we do not exclude the renal cortex as a contributor to GNG and GLY in our results. Importantly, because glycogen storage is low in the kidneys (20) , renal GLY is unlikely to have made a significant contribution to blood glucose appearance.
Summary and conclusions. We utilized stable isotope tracers to measure glucose metabolism in UT and trained subjects during steady-state exercise at and just below the LT. We also incorporated a LC component to study the effect of precursor concentration on GNG. From these experiments, it is concluded that lactate-derived GNG plays an essential role in hepatic and renal glucose production during exercise in the fasted state, regardless of training history. Endurance training increases the work capacity to achieve a higher relative exercise intensity and absolute PO before reaching the LT and without experiencing a significant decrease in GNG. Additionally, GNG can be augmented during exercise when blood lactate is increased by endogenous or exogenous supply, suggesting that the contribution of GNG to total glucose production may be limited by delivery of gluconeogenic precursors.
